Abstract. Polar CAMMICE MICS proton pitch angle distributions with energies of 31-80 keV were analyzed to determine the locations where anisotropic pitch angle distributions (perpendicular flux dominating) change to isotropic distributions. We compared the positions of these mid-altitude isotropic distribution boundaries (IDB) for different activity conditions with low-altitude isotropic boundaries (IB) observed by NOAA 12. Although the obtained statistical properties of IDBs were quite similar to those of IBs, a small difference in latitudes, most pronounced on the nightside and dayside, was found. We selected several events during which simultaneous observations in the same local time sector were available from Polar at mid-altitudes, and NOAA or DMSP at low-altitudes. Magnetic field mapping using the Tsyganenko T01 model with the observed solar wind input parameters showed that the low-and mid-altitude isotropization boundaries were closely located, which leads us to suggest that the Polar IDB and low-altitude IBs are related. Furthermore, we introduced a procedure to control the difference between the observed and model magnetic field to reduce the large scatter in the mapping. We showed that the isotropic distribution boundary (IDB) lies in the region where R c /ρ∼6, that is at the boundary of the region where the non-adiabatic pitch angle scattering is strong enough. We therefore conclude that the scattering in the large field line curvature regions in the nightside current sheet is the main mechanism producing isotropization for the main portion of proton population in the tail current sheet. This mechanism controls the observed positions of both IB and IDB boundaries. Thus, this tail region can be probed, in its turn, with observations of these isotropy boundaries.
Introduction
Measurements of precipitating energetic protons around the auroral region have been made since the beginning of the space era on board many low-altitude satellites, such as Injun 1 and 3, ESRO IA and IB, NOAA, and DMSP (Søraas, 1972; Imhof et al., 1977; Sergeev et al., 1983; newell et al., 1998) . At each crossing of the auroral zone, there exists a sharp boundary in proton fluxes separating the poleward zone of isotropic precipitation (over the loss cone, i.e. precipitating fluxes are equal to the fluxes of trapped particles with 90 • local pitch angles) from the equatorial zone with empty loss cone (fluxes of trapped particles are much higher than precipitating fluxes). This low-altitude boundary at which isotropy is reached in the loss cone is called the isotropic boundary (IB) . The characteristic features of the nightside pattern of the energetic particle precipitation can be summarized as follows (Sergeev et al., 1993; Sergeev and Gvozdevsky, 1995) : 1) for ions the isotropic boundaries were observed at all MLT and for all activity conditions; 2) the IB latitudes depend on the particle species, energy, MLT and magnetic activity; 3) for ions of the same species and energy, the IB latitude is higher around local noon than at local midnight; 4) for a given species, the higher the energy, the lower the latitude at which the IB is observed. Newell et al. (1998) compared simultaneous observations of IB from NOAA and b2i boundary (latitude of the ion energy flux precipitation peak) from DMSP and showed their close association. Extending this finding Donovan et al. (2003) showed the close relationship of b2i boundary to the equatorward boundary of the proton aurora.
In the equatorial magnetosphere a somewhat similar pattern was observed, in which the proton distributions are isotropic in the plasma sheet (Stiles et al., 1978) , which maps to the high-latitude portion of the auroral oval, and become progressively anisotropic towards the dayside. Signatures of isotropization of energetic particle (60-3000 keV) pitch angle distributions were observed in a few cases on OGO 5 near midnight in the equatorial magnetosphere (West et al., 1978) . The AMPTE/CCE spacecraft provided the ion data (1 keV−4 MeV) to study plasma pressure anisotropies at L<9 (Lui and Hamilton, 1992; De Michelis et al., 1999; Milillo et al., 2003) . It was shown that the anisotropy A=( P ⊥ P −1)100% tends to (1) increase with an L decrease approaching 100% for L=3-3.5, (2) a decrease with increasing activity level and (3) be generally higher in the noon sector than in the midnight sector.
Wave-particle interactions were for a long time considered to be the main mechanism leading to particle precipitation, see, for example, a review by Hultqvist (1979) . However, the ability of waves to produce the strong diffusion required to fill the loss cone isotropically is still under question. Also the wave intensity depends on the activity and particle fluxes, which is in contrast to the stable properties of the isotropic precipitation which always requires stable and very high wave activity.
On the other hand, there exists a robust and always operating pitch angle scattering in the magnetic field regions where the conditions for adiabatic particle motion are violated (Alfvén and Fälthammar, 1963; Birmingham, 1984; Büchner and Zelenyi, 1987; Delcourt et al., 1996; Young et al., 2002) . In particular, if the effective Larmor radius (ρ= mv qB , where m is the particle mass, v is the total particle velocity, q is the particle charge and B is the magnetic field) becomes comparable to the radius of the field line curvature in the equatorial current sheet (R c = B z ∂B x /∂z , where B x and B z are the magnetic field components), then the first adiabatic invariant is violated and pitch-angle scattering occurs. The ion isotropic boundaries have been shown to be the low-altitude signatures of the boundary between regions of adiabatic and chaotic particle motion in the equatorial magnetosphere (Sergeev et al., 1983) . The value of R c /ρ for the strong scattering depends on the current sheet structure and particle parameters, as well as on the required amplitude of the pitch angle change, but in most conditions it varies between 6 and 10 see e.g. West et al. (1978) ; Sergeev and Tsyganenko (1982) ; Delcourt et al. (1996); Young et al. (2002) .
Many studies have been done to confirm the action of the pitch angle scattering mechanism for low-altitude isotropic boundaries, both comparing the low-altitude observations of these boundaries and equatorial magnetic field measurements (Sergeev et al., 1983 (Sergeev et al., , 1993 Newell et al., 1998) and following the particle trajectories in numerical simulations (Sergeev and Tsyganenko, 1982; Delcourt et al., 1996) . At the same time, while observational studies of isotropization of particle distributions in the equatorial magnetosphere and at mid-altitudes have been made (West et al., 1978; Lui and Hamilton, 1992; De Michelis et al., 1999) , the corresponding boundaries of distribution isotropization and their formation mechanisms have not been studied in detail. West et al. (1978) considered two cases and showed that the boundary positions agreed with the ones predicted from in-situ magnetic observations. However, it is not possible to assume that the obtained agreement is valid for other MLTs or activity levels. Moreover, the boundaries observed in the equatorial magnetosphere and at mid-altitudes are probably not the same as low-altitude isotropic boundaries: Their positions depend not only on the scattering processes but also on the magnetospheric convection which creates anisotropies in the particle distributions.
The purpose of this paper is to further explore the relationship between particle scattering in the current sheet and the observed anisotropy characteristics in the mid-altitude magnetosphere. We compare the proton pitch angle distribution isotropization boundary at mid altitudes (measured by Polar CAMMICE/MICS instrument) to the low-altitude isotropic boundaries observed by NOAA satellites during 1997. Several simultaneous conjugate observations at Polar and DMSP or at Polar and NOAA are considered. Using the Tsyganenko T01 model we analyze the statistical distributions of these boundaries mapped into the ionosphere, and evaluate the corresponding R c /ρ parameters in the equatorial current sheet. Based on these comparisons we conclude that, similar to the low-altitude isotropic boundaries, regular pitch angle scattering in the tail current sheet is the basic mechanism that controls the transition from isotropic to anisotropic distributions in the near-equatorial region.
2 Low-and mid-altitude signatures of pitch-angle isotropization 2.1 NOAA observations of isotropic boundaries (IB) Figure 1 shows an example of measurements on the MEPED instrument on 1 May 1997 made on board the NOAA 12 spacecraft. The NOAA spacecraft is on a nearly circular, Sun-synchronous polar orbit at an altitude of about 800 km (Hill et al., 1985) . The Medium Energy Proton and Electron Detector (MEPED) instrument measures with a time resolution of 2 s the differential flux of protons in the energy range of 30-80 keV. A pair of detectors in the MEPED instrument, one looking radially outward and the other in a perpendicular direction, measure precipitating particles (j P ) in the central part of the loss cone and locally trapped particles outside the loss cone (j T ). Sharp boundaries in proton fluxes separating the poleward isotropic precipitation from the equatorward region with weak filling of the loss cone are marked by vertical lines. Note that in Fig. 1 the precipitating flux exceeds the trapped flux in the isotropy zone. This is a consequence of the fact that the proton detectors suffer radiation damage over time. The impact of this damage is to increase the energy threshold for counting protons, and the increase is stronger for the horizontal detector, as this detector over time has been subjected to the largest radiation dose (see Yahnina et al. (2003) for a brief description of the damage effects). (Russell et al., 1995) . Figure 2 presents one example of Polar CAMMICE/MICS measurements on 21 May 1997 at 00:30-02:30 UT (upper panel) in counts per second for pitch angles from zero to 360 • . Polar moved inbound from the high-latitude plasma sheet to the ring current region. This gave us a unique opportunity to search for a boundary where the isotropic pitch angle distribution changes to anisotropic at mid-altitudes, between the ionosphere and equatorial plane. Because the resolution in local pitch angle was about 9 • , we define the parallel (to the magnetic field) count rate as a sum of counts for wide sectors of pitch angles from 0 • to 45 • and the perpendicular count rate as a sum of counts for pitch angles from 45 • to 90 • at a given UT. They are shown in the middle panel of the Fig. 2 by thick and thin lines, respectively. The bottom panel shows the ratio between the parallel and perpendicular count rates. For each pair, we determine the first point at which the ratio between the parallel and perpendicular count rates is within 0.8 and 1.2 (two horizontal lines) tailward of the maximum of the perpendicular count rate. We call this point the isotropic distribution boundary (IDB). This point is marked by a vertical line in all three panels, and it shows that the isotropization of the pitch angle distribution occurred at 00:50 UT, 21:50 MLT, L=7.7, R (radial distance)=4.6 R E and latitude of the spacecraft was 39.5 • . The corresponding value of total magnetic field was about 400 nT.
Statistical results
We analyzed one year (1997) of Polar measurements, when the orbit apogee was over the northern polar region. Figure 3 shows the corrected geomagnetic latitudes of the IDBs (red crosses) as a function of MLT for three ranges of the D st index: a) −10 nT<D st <10 nT, b) −50 nT<D st <−10 nT, and c) D st <−50 nT. The corrected geomagnetic latitudes of the IDBs were determined using a mapping with the Tsyganenko T01 magnetospheric magnetic field model (Tsyga- The obtained statistical properties of IDBs are quite similar to those of the IBs (Sergeev and Gvozdevsky, 1995) . These boundaries (IDBs and IBs) were observed at all MLTs. There exists a day-night asymmetry with the nightside boundaries being at lower latitudes than those on the dayside. An increase of activity (decrease in the D st index) leads to an equatorward shift of boundaries at all MLTs. At the same time, there exists a small difference between average IDB and IB latitudes which is most pronounced on the nightside and on the dayside. Table 1 presents, together with corresponding IMF and solar wind parameters and D st indices, the UTs and MLTS of the positions of IDBs, IBs and b2i boundaries observed by Polar, NOAA and DMSP, respectively. The corrected geomagnetic latitudes and equatorial distances for corresponding magnetic field lines calculated using the Tsyganenko T01 model with the observed parameters for the four selected conjugate events are also shown.
For all four cases, independent of the activity conditions, the differences in latitudes of the observed IDBs at Polar and IB at NOAA and b2i at DMSP were rather small, less than 1 • , with a maximum difference of 0.7 • on 1 May 1997, when D st was equal to −16 nT. The difference in equatorial radial distance was also small, reaching 0.6 R E on 21 May 1997, when D st was about −6 nT.
We also computed the model locations of the expected isotropy boundaries by finding the magnetic field lines (at MLTs of Polar, NOAA and DMSP) on which the criterion of R c /ρ=8 is fulfilled (Sergeev and Tsyganenko, 1982) . For Polar data we are restricted by 9 • in pitch angle and an 8-energy level resolution for the count rates. This seriously limits our possibility to gain information about the detailed structure of the distribution function in this rather limited energy range of 30-80 keV. In our model calculations we used the proton energy of 30 keV. We assumed that the distribution is close to Maxwellian and thus the maximum will be for lower energies. The larmor radius for low energy particles will be smaller, and hence the ratio R c /ρ will be larger. Making calculations for the energy of 30 keV, we find the maximum R c /ρ values for the given energy range of 30-80 keV.
The latitudes of model and observed boundaries, shown in the last column in Table 1 , are quite close to each other. The differences in latitudes between the model boundaries for conjugate Polar, NOAA and DMSP observations are also small, not exceeding 0.4 • .
Discussion
We determined the locations of mid-altitude isotropic distribution boundaries (IDB), where anisotropic pitch angle distributions (perpendicular flux dominating) change to isotropic distributions using Polar CAMMICE MICS proton data and compared them to the low-altitude isotropic bound- aries (IB) observed by NOAA and DMSP satellites during 1997. The fact that the mid-altitude IDB and lowaltitude IB and b2i boundaries were found on very close field lines (Fig. 4) suggests that they are associated with the same isotropization mechanism. Simultaneous observations of isotropization signatures at low-and mid-altitudes is a strong argument supporting the mechanism of filling the ionospheric loss cone by pitch angle scattering due to violation of first adiabatic invariant while crossing the tail current sheet.
Statistical CGLat-MLT dependencies of the IDB and IB positions were found to be very similar, but systematic differences in their latitudes exist most pronounced on the nightside and on the dayside (Fig. 3) . Following Sergeev and Gvozdevsky (1995) we fitted the statistical observations by Polar and NOAA using a simple cosine approximation Lat(MLT)=A 0 −A 1 cos(π(MLT−MLT 0 )/12), where A 0 is the average latitude, A 1 is the amplitude and MLT 0 is the phase shift. Figure 5 shows the fits for Polar IDB statistics (red curves) and NOAA IB statistics (black curves) for For all three cases IDBs are observed at higher latitudes on the nightside and at lower latitudes on the dayside than IBs. The phase shift towards the dusk exists for both boundaries (increasing with the activity increase) and is larger for Polar IDBs than for NOAA IBs, similar to that previously reported for isotropic and b2i boundaries (Newell et al., 1998) and proton auroras (Donovan et al., 2003) . The sparse MLT coverage, however, does not allow for a more detailed investigation of this feature in our data set.
Although we compared directly the locations of IBs observed by low-altitude NOAA satellite and IDBs observed by mid-altitude Polar satellite, it should be clearly mentioned that these two boundaries have a different definition. Lowaltitude NOAA MEPED detectors look radially outward and perpendicular to the satellite velocity vector and measure only precipitating and locally mirroring particles. In these data, particles seen in the two directions have very small pitch angle separation at the equator: particles with 10 • and 80 • pitch angles detected by NOAA will have only 0.31 • and 1.78 • pitch angles at the equator (∼9 R E ). The low-altitude isotropic boundary (IB) reflects the transition from the empty loss cone to the isotropically filled loss cone, therefore, it characterizes the pitch angle change during one traversal of the equatorial current sheet. However, the required pitch angle change is very small, of the order of the loss-cone size in the current sheet center, i.e. about 1-2 • .
We define the IDB at Polar not in terms of filling the loss cone but as a boundary where the parallel count rate (sum of counts for pitch angles from 0 • to 45 • ) and the perpendicular count rate (sum of counts for pitch angles from 45 • to 90 • ) become comparable (Fig. 2) . Polar IDB is observed at midaltitudes (total magnetic field is about 300-400 nT), where a large portion of the equatorial plasma distribution is present. IDB characterizes a change in the entire distribution, rather than a change in a small part near the small loss cone like the IB. This change is formed by the interaction of two competitive processes. One of them is pitch angle scattering due to the non-adiabatic motion, which isotropizes the distribution. The other process is the inward convection in the inner magnetosphere, which creates a pancake-like anisotropy due to the dominating betatron acceleration. For that reason, one would expect the IDB at larger distances than the IB on the nightside, where the pitch angle scattering is presumably stronger, which was indeed the case.
To have an idea where in the magnetosphere pitch angle scattering can occur, we integrated particle trajectories with a standard method of 4th order Runge-Kutta scheme in the T01 magnetic field model with quiet-time parameters. Figure 6 illustrates the results for protons with 30 keV. It shows the R c /ρ-dependence of the phase-averaged pitch angle changes after one crossing of the field reversal region at the midnight meridian. Each point is the average of 18 trajectories, which differ by initial phase. Initial pitch angles varied from 0 • to 35 • (with 5 • step), whereas the initial phase for each initial pitch angle varied from 0 • to 360 • (in 20 • steps). The pitchangles are reduced to the equator. Similar to previous computations (Sergeev and Tsyganenko, 1982; Delcourt et al., 1996) , the pitch angle change is small for large R c /ρ≥10 (of the order of the loss-cone size ∼0.7 • , when R c /ρ∼8) and strongly increases with further decreasing of R c /ρ. When R c /ρ falls below 5-6, the scattering increases by a factor of 2.5 and it quickly isotropizes the distribution. This is the location where the IDB is expected to be observed on the nightside. The statistical observations of IDBs at higher latitudes than IBs on the nightside qualitatively agree with this picture.
Having computed the T01 model for each Polar observation point, we mapped the observed IDB locations to the equatorial plane in order to check the R c /ρ values. As shown in Fig. 4 , using the criterion R c /ρ=8 to determine the latitudes of isotropy boundaries predicted by the magnetic field model the results differed from the observed ones by about 1-2 • . An obvious reason for that is the error in the model magnetic field, which may be evaluated by comparison with the observed magnetic field value.
The position of the modelled IDB can be influenced by the choice of the energy for which the calculations of R c /ρ are made, the value of R c /ρ itself, which is selected as a criteria for the pitch angle scattering and the accuracy of the magnetic field model. We can estimate the differences coming from energy or R c /ρ changing. As simple calculations have shown, for 10 October 1997 event (Fig. 4d) between the observed and modelled magnetic field at the Polar location, we do not know if the model is accurate at the equator where we estimate the field line curvature. For this, the close location of the magnetic field lines corresponding to observations of IDB on Polar, IB on NOAA, and b2i on DMSP, is an indicator of the model's sufficient accuracy.
To check further the accuracy of the magnetic field model used in the present study, for each Polar observation of IDB on the nightside (04<MLT <20) we computed a relative error parameter B=
, where B T 01 is the external magnetic field calculated using the Tsyganenko T01 model with the observed parameters and B obs is the observed external magnetic field (internal magnetic field given by IGRF model was subtracted from the observed magnetic field) given by the Polar MFE instrument. Then, for each Polar position we computed the value of R c /ρ using the T01 model, assuming the proton energy to be 30 keV. Figure 7 shows the dependence of the computed values of R c /ρ on the accuracy parameter B corresponding to the Polar IDB observations for −10 nT<D st <10 nT (green triangles), −50 nT<D st <−10 nT (red triangles) and −150 nT<D st <−50 nT (blue crosses). Here we show the interval of B from −0.5 to 0.5. It can be seen that for all D st ranges the computed R c /ρ increases with B decrease. When B<0, then B T 01 <B obs . This means that the model underestimates the tail currents, and the model magnetic field line is less stretched than the observed one. The model R c /ρ value is larger than needed for scattering, and scattering occurs further tailward. When B>0, then B T 01 >B obs , and the model magnetic field lines are too stretched. The scattering occurs at larger R c /ρ values than given by the model.
In Fig. 7 the red line represents the fit ln(R c /ρ)=−2.6 B+1.7. The scattering criterion is determined at the intersection of this fit, and is about 6, and B=0 . The obtained value of R c /ρ agrees well with our expectations based on the strength of pitch angle scattering and confirms that the regular mechanism of non-adiabatic particle scattering in the current sheet is responsible for maintaining the isotropic proton distribution functions on the nightside. It also supports the conclusions made by West et al. (1978) from two in-situ comparisons of theoretical and observed boundaries. Taking into account the consistency between IDB and IB boundary locations at dusk and dawn (where convection lines go along the boundary and where convection plays a minor role in the restoring the anisotropy), one may also expand this conclusion to the dusk and dawn portions of the IDB distribution.
On the other hand, according to Fig. 6 , at R c /ρ=6 the changes in the particle pitch angle can be as large as several degrees, which confirms our speculations concerning the requirement of stronger scattering for producing IDBs seen at Polar. It is also necessary to mention that the magnetospheric magnetic field models used for magnetic field mapping usually overestimate the thickness of the tail current sheet, which can lead to even smaller values of R c /ρ than 6.
As was mentioned above, calculations were made for the energy of 30 keV, assuming the distribution to be close to Maxwellian witha maximum at lower energies. The changing in the energy from the lower limit of the energy range (30 keV) to the upper limit (80 keV) will result in the shift of the corresponding fit (Fig. 7) , and a lower intersection of this fit and B=0, to lower R c /ρ values, but will not lead to a dramatic change in the expected trend for IDB points and our conclusions.
Although we discussed only the nightside isotropic distribution boundaries, we may expect the same physics to be valid for the dayside boundaries. However, it is more difficult to obtain experimental confirmation and to control the mapping errors in that region. The field lines here experience strong 3-D deformations: two field lines which are closeby may map to very different domains in the equatorial plane. For example, the field line coming from near the cusp can map to either near the dayside magnetopause (where the magnetic field is strong and R c /ρ is very large) or to near the magnetopause in the far magnetotail (where the magnetic field and R c /ρ are very small). Also, these deformations are very sensitive to the intensity and distribution of the fieldaligned currents. In general, this region is described with less confidence in the magnetospheric models. This does not allow us to interpret the dayside observations in the same way as we did for the nightside.
When finding the IDBs observed by Polar, we considered only local measurements, not following the pitch-angle distribution evolution and not mapping to the equatorial plane. Also a comparison with DMSP was made using local measurements. At the same time, the particles drift so that the measured distributions at Polar and DMSP may be different. Tracing of particle trajectories in realistic magnetic field models and comparison with pitch angle observations is our future task.
The isotropization of the distribution at Polar does not necessarily mean isotropic precipitation of ions at low-altitudes at the same time; other local mechanisms of isotropization at Polar altitudes could well be active. The role of wave-particle interactions in the process of isotropization at different altitudes needs to be investigated further in a future study.
Conclusions
In this paper we confirm and extend previous results describing and explaining the transition from anisotropic proton distributions in the near-Earth tail to the isotropic distributions in the nightside plasma sheet.
We showed that two different boundaries (IB, related to the isotropic filling of the loss cone by non-adiabatic pitch angle scattering, and IDB, characterizing the pitch angle distributions in the near-equatorial magnetosphere) stay on the neighboring field lines and display similar CGLatitide-MLT distributions and similar activity dependence. Furthermore, introducing a procedure to control the difference between observed and the model magnetic field we were able to reduce a large scatter in mapped equatorial parameters and to conclude that the isotropic distribution boundary (IDB) lies in the region where R c /ρ∼6. In this region the pitch angle scattering is strong enough (>10 • for one current sheet crossing by a test particle). We, therefore, conclude that the scattering in the large field-line curvature regions of the nightside current sheet is the main mechanism producing isotropization for the main portion of proton population in the tail current sheet. This mechanism controls the observed positions of the IB and IDB boundaries and, therefore, can be probed with observations of these isotropy boundaries.
